The CAOS problem-solving environment (PSE) is an IDL-based tool developed for adaptive optics (AO) modeling and post-AO imaging. Two scientific packages enhance the CAOS PSE: the Software Package AIRY, a tool for deconvolution of post-AO images, and the eponymous Software Package CAOS, an end-to-end code for AO system simulations. In the first part of this paper we present the status and most recent developments concerning the whole CAOS PSE and its two presently developed scientific packages, while in the rest of the paper we provide two examples of application involving the Software Package AIRY: one tackling high-dynamic range images reconstruction, and the other one real data processing.
The Software Package AIRY implements several methods for reconstructing images considering Gaussian or Poisson statistics: Richardson-Lucy (RL), Ordered-Subset Expectation Maximisation (OSEM), and the Scaled Gradient Projection (SGP) method, 10 with a number of regularization capabilities and a multi-component (MC) deconvolution module. 9 Remarkable features of AIRY include also a super-resolution method, 11, 12 Strehl-constrained blind deconvolution, 13, 14 and high dynamic range (HDR) capabilities.
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An example of application of these HDR capabilities of the Software Package AIRY is detailed in next section, while an example of application on real SPHERE/VLT data of a Wolf-Rayet star in the near-infrared domain is shown in Section 3, using the SGP method with an edge-preserving regularization. Finally, foreseen developments of the whole tool are described in Section 4.
DECONVOLUTION OF HIGH-DYNAMIC RANGE IMAGES WITH AIRY
In this example * we show two different approaches to the problem of deconvolution of high dynamic range images. The first one, already present in the previous versions of this example project, is based on a regularization version of * The example project here described is distributed together with the Software Package AIRY. 18 The new one is the multi-component method based on the Split Gradient Projection ? algorithm (in short MC-SGP), available in AIRY since version 7.0 thanks to module MCD (which stands for Multi-Component Deconvolution). The method was recently described by La Camera et al. 9, 16 We recall here that MC-SGP is able to reconstruct separately the unknown object assuming that it is composed of two parts: a point-like part and a diffuse part. An astronomical object made of (bright or very-bright) star(s) surrounded by a diffuse nebula is a perfect example of the input image that MCD is able to reconstruct.
The input object, the point-spread functions (PSFs) and all the parameters used in this simulation and all the parameters of the HDR regularization are described in. 18 In Fig. 2 the example project is shown within the CAOS PSE global interface. In Fig. 3 we show the three PSFs and the corresponding images, while in the first panel of Fig. 4 the original object (also known as ground truth) is shown.
Considering the multi-component method, the MCD module needs two parameters for the regularization function, and one supplementary image, the so-called mask, which contains information about the positions of the point-like components. The first parameter (δ) can be estimated by computing the mean value of the modulus of the gradient on the blurred and noisy image (δ). Since the regularization is applied only to the diffuse part (fainter, in general) we consider one order of magnitude less than the value ofδ: we hence assume here δ = 5 × 10 4 . The second parameter is the regularization parameter β that can be chosen in the range of 0.1÷0.001, even if larger or smaller values sometimes must be assumed. In this case we choose β = 0.03. The input mask is given by assuming that the positions of the two stars are perfectly known. In real cases this information can be obtained with a first deconvolution of the image which provides a "sharp" version of the object and permits to identify the centroids of the stars with good precision. We point out that we define a broader region (3 × 3 instead of the single pixel of the true object) in order to leave to the algorithm the possibility of reconstructing the centroid of each star in any position around the central pixel.
The total number of iterations is fixed to 5000 for both the methods and it is set up on the worksheet of the CAOS PSE. In Fig. 4 we show the object and the two reconstructions obtained by using the two different methods.
We evaluate the quality of the reconstructed objects thanks to two different figures of merit. For the two stars, we compute the reconstructed flux in a 3 × 3 pixel region, we call it F n (n = 1, 2) and we divide this flux by the true flux F * n of each star. Concerning the diffuse part of the object we compute the so-called restoration error, defined as
where f (k) is the reconstructed object at k − th iteration, f is the original object and || · || is the euclidean norm. In the case of HDR reconstruction, we masked the two stars by setting to zero the 3 × 3 region around each star; while in the MCD reconstruction, as said above, we have the diffuse part separately reconstructed and this operation is not necessary. Figure 5 shows the two errors as functions of the number of iterations. Concerning the first plot (top panel), we can see a different velocity in terms of convergence: as it is well-known, SGP (and therefore MC-SGP) is a faster algorithm with respect to OSEM. Moreover, the reconstruction provided by the MCD module has a smaller error (about 8.9% with respect to 10.3% of the other method). The stars are reconstructed with excellent precision (the errors on the fluxes are smaller than 1%), and the two algorithms go rapidly here to convergence.
DECONVOLUTION OF REAL DATA: WR 104 AS SEEN BY SPHERE/VLT
A preliminary deconvolution using SGP together with an edge-preserving regularization of real data of the Wolf-Rayet star WR 104 taken in the near-infrared domain with the help of the instrument IRDIS of the planet-finder SPHERE equipping the VLT (data courtesy of A. Soulain et al.) is briefly presented here. Also thanks that SPHERE permits rather high Strehl ratios, which is the case for the K-band data presented in Fig. 6 (left panel for the image, middle panel for the associated PSF), the reconstruction performed very clearly reveals the spirale shape of the observed object (see right panel).
With the pipeline-reduced data used here, we attempt a preliminary reconstruction involving the SGP deconvolution method together with an edge-reserving regularization. As shown in Fig. 6 , the result is very convincing, clearly revealing the spirale shape of the circumstellar environment of WR 104. More refined reconstructions for various wavelength bands and analysis details will be given in a forthcoming paper currently under preparation. 
CURRENT APPLICATIONS AND FURTHER DEVELOPMENTS
Concerning the Software Package CAOS, it will next include (for its version 7.1) an updated simple embedment of the semi-analytic AO code PAOLA.
? New modules for wide-field AO modeling will hopefully be finalized, in order to permit to consider multiple sources and multiple sensors within single modules, and hence an easier modeling of GLAO systems, as well as layer-oriented and star-oriented multi-conjugate AO systems. For its part, the Software Package AIRY is being used in a number of astrophysical applications involving post-AO images obtained from various instruments (NACO/VLT, SPHERE/VLT, LMIRcam/LBTI, NIRC2/Keck-II).
Freely download the CAOS PSE, together with the Software Package CAOS and/or the Software Package AIRY from http://lagrange.oca.eu/caos .
